Abstract. Hypertrophic scar (HS) is a common type of dermatosis. Botulinum toxin type A (BTXA) can exert an anti-HS effect; however, the regulatory mechanisms underlying this effect remain unclear. Thus, the aim of this study was to examine the effects of BTXA on phosphatase and tensin homolog deleted on chromosome ten (PTEN) expression and the fibroblast phenotypic transformation induced by transforming growth factor (TGF)-β1, which is an important regulatory factor involved in the process of HS. For this purpose, fibroblasts were treated with various concentrations of BTXA and then treated with 10 ng/ml of TGF-β1 with gradient concentrations of BTXA. The proliferation and apoptosis of fibroblasts were measured by cell counting kit-8 assay (CCK-8) and flow cytometry, respectively. PTEN methylation was analyzed by methylation-specific PCR (MSP) and dNA methyltransferase (dNMT) activity was determined using a corresponding kit. RT-qPCR and western blot analysis were performed to detect the transcription and translation levels. The results revealed that BTXA suppressed the proliferation and increased the apoptosis of fibroblasts treated with TGF-β1 in a dose-dependent manner. BTXA in combination with TGF-β1 suppressed the expression of molecules related to the extracellular matrix (EcM), epithelial-mesenchymal transition (EMT) and apoptosis. BTXA reduced the PTEN methylation level and downregulated the expression levels of methylation-associated genes. BTXA also inhibited the phosphorylation of phosphoinositide 3-kinase (PI3K) and Akt.
Introduction
Skin scars could be divided into several categories, for example, hypertrophic scar (HS), keloid scar and atrophic scar (or sunken scar). Among these, HS, a benign hyperproliferative growth of dermal collagen, originates from unbalanced fibroblast cellular dynamics that result from an elevated proliferation and a reduced apoptosis of fibroblasts (1) . HS is an aberrant healing response, secondary to traumatic injuries, empyrosis and surgical trauma (2) . The formation of HS has been demonstrated to be relevant to a proliferative stage of wound healing, during which dermal tissue hyperplasia and the over-deposition of extracellular matrix (ECM) proteins derived from fibroblasts can cause durative fibrosis and inflammation (3) .
Fibroblast-to-myofibroblast transformation is a vital event during wound healing and hypertrophic scar formation (4) . Fibroblasts arise at the wound site at the ultimate inflammatory stage and the initial proliferative phase of healing wound (5) . Myofibroblasts, which are differentiated from fibroblasts, are primitively produced in the local derma and hypodermal tissues around the injured skin in HS (6) in addition to other origins, for instance, bone marrow-derived fibrocytes (7), tissue-specific stem cells (8) , pericytes and vascular smooth muscle cells (9) and tubular epithelial cells with epithelial-mesenchymal transition (EMT) (10) . Myofibroblasts in granulation tissues can lead to HS formation; however, the roles of these myofibroblasts in the pathogenesis of HS remain unclear.
Transforming growth factor-β (TGF-β) may serve as a therapeutic target for HS and may be an important regulatory factor in the process of HS (4) . TGF-β1/Smad2 signaling can promote collagen synthesis and enhance the proliferation of human HS fibroblasts (11) . A previous study revealed that TGF-β can exert differential temporal effects on HS formation (12) . Moreover, TGF-β1 is able to induce Smad2 nuclear translocation, finally causing the transcription of target genes, including collagens I and III (13) . Moreover, the silencing of Smad2 can prevent type I and III collagen overproduction in HS fibroblasts (14) . Recently, multiple agents, such as baicalein (15) , loureirin B (16), tetrandrine (17) and botulinum toxin type A (BTXA) (1), have been reported to exert anti-HS effects by inhibiting TGF-β1 signaling.
Botulinum toxin is an effective neurotoxin generated from Clostridium botulinum and it has been shown to have potential for use in the treatment of wounds following trauma, burns or surgery (18) . BTXA is available for clinical use in a number of countries as its safe and has effective properties in the treatment of hypertrophic scarring (20) . Rasaii reported that triamcinolone in combination with BTXA was ineffective for keloid scars (21) , while BTXA was demonstrated to attenuate HS growth and improve the symptoms of HS in clinical practice (22) . Currently, an increasing number of studies have demonstrated that BTXA can alleviate fibrosis by regulating fibroblast behaviors in HS and capsular contracture. For instance, BTXA can attenuate HS and capsular contracture by suppressing the phenotypic transformation of fibroblasts to myofibroblasts, according to in vitro and in vivo experiments (1, 19) . BTXA can markedly reduce the collagen deposition in HS (22) (23) (24) . Furthermore, BTXA has been demonstrated to inhibit fibroblast proliferation and to reduce the level of α-smooth muscle actin (α-SMA) (25, 26) . Furthermore, BTXA can also regulate the expression levels of matrix metalloproteinase (MMP)-2 MMP-9, and collagen types I and III, in addition to inhibiting capsule formation (27) .
HS fibroblasts have been reported to possess malignant characteristics, including hyperproliferation, anti-apoptosis and atypical differentiation (28) (29) (30) (31) . Tansdifferentiation, proliferation and apoptosis have been demonstrated to be regulated by the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway in HS fibroblasts (32) (33) (34) . Moreover, Akt is also involved in cell motility and EcM deposition (35, 36) . Phosphatase and tensin homologue deleted on chromosome ten (PTEN) protein has reported as a tumor suppressor and it can negatively regulate Akt signaling to inhibit the proliferation of HS fibroblasts (37) . Inactive PTEN expression has been observed in several fibrotic diseases (38) (39) (40) . Therefore, HS may be relevant to the antagonistic association between PTEN and Akt. In the present study, our aim was to explore the potential mechanisms involved in PTEN//PI3K/Akt signaling and the effects of BTXA on the phenotypic transformation of fibroblasts induced by TGF-β1. Our findings are expected to provide a theoretical basis for the treatment of HS.
Materials and methods
Fibroblast culture and morphological identification. Murine L929 fibroblasts (41) (Cat no. CC-Y2049, ATCC) were maintained in the Dulbecco's minimal Eagle's medium with 10% fetal bovine serum, penicillin (100 U/ml) and streptomycin (100 mg/ml) at 37˚C with 5% CO 2 (all purchased from Invitrogen; Thermo Fisher Scientific). The morphological changes of the fibroblasts were observed using an inverted microscope (Nikon). For vimentin identification, the fibroblasts were fixed with 4% paraformaldehyde for 0.5 h and incubated in 0.5% Triton X-100 (Sigma-Aldrich) for 20 min. After being blocked in bovine serum albumin (BSA; Solarbio), the fibroblasts were incubated with anti-vimentin antibody (M00235-1, 1:100; BosterBio) for 1 h at room temperature. The fibroblasts were then incubated with goat anti-rabbit IgG H&L secondary antibodies (1:5,000; ab6721; Abcam) for 1 h. The nuclei were stained with Hoechst 33258 (Beyotime) for 20 min at 37˚C in the dark and the stained fibroblasts were observed under a fluorescence microscope (Nikon).
Fibroblast treatment and viability assay. Fibroblasts (2x10 5 ) were maintained in 96-well plates for 24 h, and fresh media were then added with various concentrations of BTXA (0, 0.125, 0.25, 0.5, 1 and 2 UI/ml; Lanzhou Biochemical co.). cell counting kit-8 (ccK-8; Beyotime) solution (20 µl) , with the original concentration in the kit, was incubated with the fibroblasts for an additional 2 h at 37˚C when the fibroblasts were incubated for 12, 24 and 48 h, respectively. Thereafter, other fresh fibroblasts were incubated with TGF-β1 (10 ng/ml) (4) for 3 h, and the fibroblasts were subsequently treated with low, medium and high concentrations of BTXA (0.25, 0.5 and 1 UI/ml, respectively). Subsequently, 20 µl CCK-8 were incubated with the fibroblasts for an additional 2 h at 37˚C, for the determination of fibroblast viability. The absorbance of 450 nm was determined using a multimode detector (BioTek Instruments). Immunofluorescence assay. Fibroblasts were fixed with 4% paraformaldehyde for 20 min and washed with PBS. After being blocked in bovine serum albumin (BSA), the fibroblasts were incubated first with anti-α-SMA antibody (A03744, 1:200; BosterBio) overnight at 4˚C and then with Cy3-conjugated goat anti-rabbit secondary antibodies (BA1032, 1:500; Beyotime) for 0.5 h. Subsequently, the fibroblasts were stained with 4' ,6-diamidino-2-phenylindole (dAPI; Beyotime) and images were captured under a fluorescence microscopy (Nikon).
Methylation-specific PCR (MSP)
. dNA was isolated using the DNeasy tissue kit (Qiagen) and then analyzed by MSP using bisulfite-modified DNA. A total of 1 µg purified DNA was treated according to the CpGenome DNA Modification kit (Intergen). cpGenome Universal Methylated dNA (Intergen) and normal mouse fibroblast DNA served as methylated and unmethylated controls, respectively. The amplification for methylated (M) PTEN (forward, 5'-TTG ATT AAc GcG GTT AGT TAG TTc-3' and reverse, 5'-AAc GcA TAT ccT Acc GcA ATA c-3') and unmethylated (U) PTEN (forward, 5'-GTG TTG ATT AAT GTG GTT AGT TAG TTT-3' and reverse, 5'-ccA AAc AcA TAT ccT Acc AcA ATA c-3') was performed under the following conditions: At 94˚C for 2 min, then 36 cycles at 94˚C for 30 sec, at 54˚C for 30 sec and at 72˚C for 45 sec, and finally 7 min at 72˚C. PCR products were analyzed on a 2% agarose gel with ethidium bromide.
DNA methyltransferase (DNMT) activity. The nuclear protein was extracted from the fibroblasts using the Nuclear Extract kit (Active Motif). Total dNMT activity was measured according to the protocol of the EpiQuik dNMT Activity/Inhibition Assay Ultra kit (Epigentek).
RNA extraction, cDNA synthesis and reverse transcriptionquantitative PCR (RT-qPCR).
Total RNA was extracted from the mouse fibroblasts using TRIzol reagent (Invitrogen; Thermo Fisher Scientific). In brief, TRIzol reagent and chloroform were added to the samples and mixed for 5 min, and the supernatant was recovered by centrifugation, at 10,000 x g, at 4˚C for 20 min. The supernatant was then incubated with an equal volume of isopropyl alcohol and then centrifuged for 10 min. After dislodging the supernatants, 75% ethanol was added to wash the precipitate and the RNA was eluted with nuclease-free water. The purity and content of the reverse transcription was determined using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). cDNA was obtained by RNA with mixture in the PrimeScript TM 1st Strand cdNA Synthesis kit (Takara). The reactions (primers are listed in Table I ) were conducted with a LightCycler system (Roche Applied Science) using the following parameters: at 95˚C for 10 min, 40 cycles at 95˚C for 15 sec and at 60˚C for 60 sec. GAPdH was used as the internal control and the results were calculated using the 2 -ΔΔcq method (42) .
Western blot analysis. The fibroblasts were lysed in lysis buffer (Beyotime) and centrifuged for supernatant recovery. The protein concentrations were determined using a BcA kit (Beyotime). After being separated by 10% SDS-PAGE, the proteins (20 µg) were transferred onto nitrocellulose membranes (Millipore) and blocked with 5% non-fat dry milk for 1 h at room temperature. 
Statistical analysis.
All results are presented as the means ± standard deviation. All statistical analyses were performed with SPSS 17.0 software (SPSS, Inc.), and the differences between two groups were analyzed by a t-test or by one-way ANOVA with dunnett's post hoc test for multiple group comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of BTXA on the viability of mouse L929 fibroblasts.
The fibroblasts exhibited spindle-like, ellipse and irregular shapes with large nuclei and transparent cytoplasms (Fig. 1A) . Moreover, vimentin expression was significantly positive in the fibroblasts (Fig. 1B) . However, BTXA was found to inhibit the viability of the fibroblasts in a dose-and time-dependent manner (Fig. 1c) . TGF-β1 is a crucial factor for the induction of the transformation of fibroblasts into myofibroblasts. In this study, the proliferation of fibroblasts treated with TGF-β1 was markedly increased. However, the increased viability of the fibroblasts induced by TGF-β1 was significantly inhibited by BTXA in a concentration-dependent manner (P<0.05; Fig. 2A) . Moreover, the apoptosis of the fibroblasts was markedly increased by BTXA (P<0.01; Fig. 2B ).
BTXA prevents over-deposition of ECM components in fibroblasts.
The mRNA expression levels of collagen I, collagen III and α-SMA were notably enhanced by TGF-β1; however, the increased mRNA levels of these molecules were evidently reduced by treatment with gradient concentrations of BTXA (P<0.01; Fig. 3A) . Similarly, BTXA suppressed the high protein levels of collagen I, collagen III and α-SMA induced by TGF-β1 (P<0.01; Fig. 3B ). Furthermore, α-SMA was found to be acutely expressed in fibroblasts by treatment with TGF-β1; however, α-SMA expression was markedly inhibited by treatment with medium and high concentrations of BTXA (Fig. 3c) .
BTXA suppresses the expression of MMP-2 and MMP-9.
To explore the potential role of BTXA in EMT, we detected the levels of MMP-2 and MMP-9. TGF-β1 significantly enhanced the mRNA expression levels of MMP-2 and MMP-9. However, BTXA inhibited these expression levels in a dose-dependent manner (P<0.01; Fig. 4A ). Moreover, the elevated protein levels of MMP-2 and MMP-9 induced by TGF-β1 were also notably suppressed by BTXA (P<0.01; Fig. 4B ).
BTXA enhances PTEN expression and inhibits apoptosis.
The expression of PTEN was significantly reduced by TGF-β1, while BTXA markedly increased PTEN expression at the transcriptional and translational level (P<0.01; Fig. 5A and B). Additionally, the protein level of cleaved caspase-3 was notably inhibited by TGF-β1, whereas, BTXA markedly increased cleaved caspase-3 expression. The expression of cleaved caspase-3 in the fibroblasts treated with a high concentration of BTXA (1 UI/ml) did not differ significantly from that in the untreated fibroblasts. Nevertheless, the expression of pro-caspase-3 exhibited an opposite trend (P<0.01; Fig. 5B ).
BTXA blocks PTEN methylation. To further elucidate the mechanisms of action of BTXA in fibroblasts, we measured the methylation level of PTEN. PTEN methylation was induced by TGF-β1, but prevented by BTXA (Fig. 5C ). Moreover, we detected dNMT activity and determined the expression levels of several genes related to dNA methylation. DNMT activity was intensified by TGF-β1, and was attenuated by BTXA (P<0.05; Fig. 6A ). Moreover, the enhanced mRNA and protein levels of dNMT1, dNMT3a and DNMT3b induced by TGF-β1 were evidently decreased by BTXA (P<0.05; Fig. 6B and C) .
BTXA inactivates the phosphorylation of PI3K and Akt. The expression levels of total PI3K and Akt remained unaltered in the fibroblasts (Fig. 7A) . However, the levels of phosphorylated (p)-PI3K/PI3K and p-Akt/Akt were markedly increased by TGF-β1 ( Fig. 7B and C) . Moreover, BTXA notably suppressed the ratio of p-PI3K/PI3K and p-Akt/Akt (P<0.01).
Discussion
BTXA has been widely applied in clinical therapies including hyperhidrosis, spasticity, facial muscular hypertrophy and muscular contraction in humans (43) . Recently, studies have demonstrated that BTXA is involved in the pathogenesis of dermal fibrosis. BTXA can effectively prevent the differentiation of fibroblasts into myofibroblasts by inhibiting α-SMA expression (19) . Moreover, BTXA is able to notably suppress the proliferation of fibroblasts in scar tissue by inhibiting α-SMA and myosin II expression (25) . BTXA has also been demonstrated to attenuate HS by preventing collagen deposition (23, 26) . In this study, BTXA inhibited the expression levels of EcM-related molecules and suppressed PTEN methylation. We also found that PI3K/Akt was involved in the regulatory mechanisms of BTXA in mouse fibroblasts.
The formation and remodeling of HS has been revealed to be relevant to aberrant fibroblast proliferation and differentiation (44) . In this study, we found that BTXA inhibited fibroblast viability in a dose-dependent manner. Furthermore, TGF-β has been shown to be associated with HS. For instance, a TGF-β1 inhibitor has been demonstrated to alleviate scars and improve HS morphological characteristics in xenograft mice with human HS (45) . The antagonist peptide of TGF-β has been reported to improve the fibrotic behaviors of human fibroblasts derived from HS (46) . In this study, TGF-β1 enhanced fibroblast viability and inhibited apoptosis. However, BTXA partially reversed the effects of TGF-β1 on fibroblasts.
The accumulated fibroblasts and myofibroblast caused by proliferation, activation and differentiation can induce massive collagen deposition, resulting in ECM deposition below the derma. These activated fibroblasts can be identified by an increased expression of α-SMA (43) . α-SMA expression is relevant to the phenotypic transformation of fibroblasts into myofibroblasts during the wound healing process (44) . The decreased ratio of collagen I/collagen III has been found in human HS (47) . Furthermore, collagen I expression in human HS-derived fibroblasts has been shown to be significantly suppressed by the knockdown of TGF-β receptor I and wound scars were also shown to be decreased in rabbits (48) . In this study, the elevated expression levels of collagen I, collagen III and α-SMA induced by TGF-β1 were suppressed by BTXA. Additionally, fibroblasts have been reported to degrade fibrin clots by generating MMPs and their inhibitors (TIMPs), leading to a disorder of matrix formation and degradation (49) . The enhanced expression levels of MMP-2 and MMP-9 have been shown to be associated with decreased levels of collagen I and collagen III in HS tissues (50) . In this study, we found that TGF-β1 significantly increased the MMP-2 and MMP-9 expression at the transcriptional and translational levels. However, BTXA treatment markedly altered these trends.
PTEN has been reported to inhibit the proliferation and functions of HS fibroblasts (37) . A recent study revealed that PTEN overexpression was involved in the inhibition of glial scar formation (51) . In this study, we also found that PTEN expression was inhibited by TGF-β1 and was upregulated by BTXA in fibroblasts, indicating that BTXA may suppress HS formation in vitro. Moreover, PTEN is also a key regulator of apoptosis (52) . The apoptosis is detected based on the activation of caspase-3, which occurs in apoptotic death (53) . In this study, we found that the pro-caspase-3 expression was elevated, while the cleaved-caspase-3 level was decreased by TGF-β1. BTXA reversed this expression pattern. These results suggest that BTXA promotes fibroblast apoptosis.
Abnormal promoter methylation often accounts for the transcriptional inactivation of various molecules associated with apoptosis and tumor suppression (54) . dNMTs can catalyze the methylation of cpG dinucleotides, which are involved in DNA methylation. It has been demonstrated that the decreased expression of PTEN is accompanied by an enhanced level of dNMT1, which is associated with PTEN promoter hypermethylation (55) . Moreover, dNMT3a and DNMT3b can methylate non-methylated DNA as de novo methyltransferases (56) . In this study, the high dNMT activity induced by TGF-β1 was significantly reduced by BTXA. Additionally, the levels of DNMT1, DNMT3a and DNMT3b were also inhibited by BTXA, suggesting that BTXA may prevent PTEN methylation.
The PI3K/AKT pathway has been reported to be negatively regulated by PTEN (57) . The reduced expression of PTEN has been reported to activate the PTEN/AKT pathway and to be associated with the pathogenesis of HS (37) . The activation of the PI3K/AKT pathway has been demonstrated to promote cell viability and inhibit apoptosis (58) . The abnormal PI3K/AKT pathway activation may result in multiple diseases, including HS (59) . Moreover, the activated PI3K/AKT pathway can enhance the accumulation of dermal fibroblasts (60) . In this study, we found that the expression levels of p-PI3K and p-Akt were significantly increased by TGF-β1. However, BTXA can inhibit the phosphorylation of the PI3K and Akt, and this expression pattern is opposite to PTEN expression, indirectly suggesting that the loss of PTEN can activate the PI3K/AKT pathway (61) .
In this study, there were still some limitations; for example, the lack of fibroblasts derived from HS in animal models or derived from skin, the absence of one more cell line and the lack of verification experiments with the application of the corresponding PTEN/PI3K/Akt pathway inhibitor. Therefore, further studies on the effects of BTXA on scars of other nature, as well as studies using animal models treated with BTXA, and one more cell line or skin-derived cell line with validation experiments including a signaling inhibitor are required in order to validate our findings.
In conclusion, the findings of this study demonstrated that BTXA inhibited the viability and promoted the apoptosis of fibroblasts induced by TGF-β1. The enhanced expression levels of molecules associated with EcM and EMT, which were induced by TGF-β1, were suppressed by BTXA. Furthermore, PTEN methylation triggered by TGF-β1 was prevented by BTXA and the activities of dNMTs were also suppressed. Moreover, BTXA blocked the phosphorylation of PI3K and Akt. The findings of this study provide a molecular basis for the role of BTXA in the fibroblast phenotypic transformation and a theoretical basis for HS treatment.
